Abstract: Utilization of a two-line breeding system via photoperiod-thermo sensitive male sterility has a great potential for hybrid production in wheat (Triticum aestivum L.). 337S is a novel wheat male sterile line sensitive to both short daylength/low temperature and long daylength/high temperature. Five F 2 populations derived from the crosses between 337S and five common wheat varieties were developed for genetic analysis. All F 1 's were highly fertile while segregation occurred in the F 2 populations with a ratio of 3 fertile:1 sterile under short daylength/low temperature. It is shown that male sterility in 337S was controlled by a single recessive gene, temporarily designated as wptms3. Bulked segregant analysis (BSA) coupled with simple sequence repeat (SSR) markers was applied to map the sterile gene using one mapping population. The wptms3 gene was mapped to chromosome arm 1BS and flanked by Xgwm413 and Xgwm182 at a genetic distance of 3.2 and 23.5 cM, respectively. The accuracy and efficiency of marker-assisted selection were evaluated and proved essential for identifying homozygous recessive male sterile genotypes of the wptms3 gene in F 2 generation.
Introduction
Heterosis is a common biological phenomenon. It has been widely utilized to improve yield and quality in many crops such as maize, rice, sorghum, oilseed rape, and cotton. The production of hybrid seeds is undertaken using the following systems: mechanical emasculation, chemical hybridizing agent (CHA), and application of male sterility (Zhou et al., 2005) . Due to the laborious work of mechanical emasculation and difficulty in the right usage of CHA, the male sterile system is preferred by breeders.
It is well known that the three-line breeding system based on cytoplasmic male sterility (CMS) has made a great contribution to rice production and the discovery of a thermo-photoperiod sensitive recessive male sterile line (Shi, 1985) has resulted in the second breakthrough for hybrid rice breeding. As the photoperiod-or temperature-induced male sterile plants can be used not only as male sterile lines but also as maintainer lines, the two-line system facilitates the breeding procedure, providing an effective alternative to the CMS system for hybrid seed production. Despite unstable male sterility due to variable climatic conditions, the main advantages of the two-line system include no need to develop maintainer lines, no negative cytoplasmic effects, a wide range of genotypes as restorers, and reduced potential genetic vulnerability as caused by the three-line system.
Wheat (Triticum aestivum L.) is the most widely cultivated crop in the world and is very important for food supplies. However, breeding for hybrid wheat has encountered much more difficulty than that for rice. Since the CMS in wheat was first discovered by Kihara (1951) , and the male sterile line and restorer line were developed by Wilson and Ross (1962) , subsequent studies have been made to develop commercial hybrid wheat varieties. Several types of CMS such as T (Triticum timopheevii), K (Aegilops kotschyi), V (Aegilops ventricosa), and D 2 (Aegilops crassa) have been identified (Murai, 2002; Chen, 2003) . Utilization of these types of male sterile lines in hybrid wheat breeding has achieved limited success due to unstable male sterility, negative alloplasmic and cytoplasmic effects, and limited numbers of restoring genes (Murai and Tsunewaki, 1993; Li et al., 2006) . The first long daylength-sensitive D 2 type CMS wheat line was discovered by Sasakuma and Ohtsuka (1979) , and thereafter a series of photoperiod-thermo sensitive male sterile lines have been identified in wheat (Tan et al., 1992; Murai and Tsunewaki, 1993; Luo et al., 1998; Murai, 1998; Xu and Yan, 1998) . Most of these sterile lines are difficult to use widely for hybrid wheat production due to their requirements for extreme daylength or temperature. Recently, we identified a novel wheat male sterile line 337S, which shows good male sterility under both short daylength/low temperature and long daylength/high temperature (Guo et al., 2006a) . There are two sowing windows for this line to be used as a male sterile line. Under an appropriate sowing time, it becomes fertile with the self-fertility rate >50%, and thus it can also be used as a maintainer line.
Simple sequence repeat (SSR), also called microsatellites, has been developed based on repeated DNA sequence variation and applied in many cereal crops including rice (Wu and Tanksley, 1993; Panaud et al., 1996) , maize (Senior and Heun, 1993) , and barley (Liu et al., 1996) . In common wheat, which has a characteristic of large genomes and allopolyploidy, SSR is one of the most useful markers. The marker has the advantage of being genome-specific, codominant, and multiallelic, and thus is suitable for mapping agronomically important genes in wheat (Röder et al., 1998) .
To date, only a few temperature, photoperiod, or photoperiod-thermo sensitive male sterile genes in wheat have been mapped Cao et al., 2004) . Our preliminary study showed that the photoperiod-thermo sensitive male sterility in 337S is governed by two recessive genes located on chromosomes 2B and 5B, respectively, under long daylength/high temperature (Guo et al., 2006b) . In order to obtain an overall knowledge of the novel male sterile line 337S, the objective of the present study is to analyze inheritance of the short daylength/ low temperature sensitive sterility in 337S and map the corresponding gene.
Materials and methods

Plant materials and field experimental design
The wheat line 337S was first identified at the Shayang Agricultural Research Institute as a temperature/daylength sensitive line (Rong and Cao, 1999) . Based on multiple years of sowing date trials, 337S showed a high level of male sterility if sown before Sept. 30 or after Nov. 30, and it was partially fertile if sown in late October to early November (Guo et al., 2006a) . Line 337S, as a female parent, was crossed with five common wheat varieties or lines (Huamai 8, Hua 12, 24I37, 24I38, 24I58) under natural conditions. All F 1 hybrids were self-pollinated to generate F 2 populations including the mapping population consisting of 262 F 2 individuals from the cross between 337S and Huamai 8. Seeds were sown on the Experimental Station of Huazhong Agricultural University, Wuhan, China (N 30°32′ and E 114°20′). Considering wheat as an autumn-sown crop in Wuhan, an early sowing date can expose head development to a relative low temperature/short daylength. Hence, seeds of six parental lines, five F 1 populations and five F 2 populations were planted on Sept. 30 in 2006. The average temperature was 10.4 °C and daylength was 12.1 h during head development in 2007 (climatological data from Wuhan, Hubei Meteorological Bureau Regional Meteorological Center), which met the effect of short daylength and low temperature (Guo et al., 2006a) .
DNA extraction and bulk construction
Fresh young leaves from F 2 individuals of the mapping population and both parents, 337S and Huamai 8, were collected and frozen for DNA extraction. Total genomic DNA was extracted following a modified cetyltrimethylammonium bromide (CTAB) method. DNA concentration of each sample was determined using a spectrophotometer (Eppendorf BioPhotometer, Germany) and adjusted to 20 ng/µl for a working solution. Molecular markers were screened using bulked segregant analysis (BSA) (Michelmore et al., 1991) . Equal amounts of DNA from 12 fertile and 12 sterile individuals were mixed to construct fertile bulk (BF) and sterile bulk (BS), respectively.
Fertility characterization
The main head of each plant was bagged at the heading stage to prevent cross pollination, and the bags were removed after 30 d (Guo et al., 2006b) . Fertility evaluation was based on the percentage of fertile spikelets of the bagged main head. Plants were classified as male sterile if the self-fertility rate was less than 5% and as male fertile if the self-fertility rate was greater than or equal to 5%. A Chi-square test was performed to determine the segregation pattern of the fertility.
SSR analysis
A standard 10 μl reaction mixture contained 1× buffer, 2 mmol/L MgCl 2 , 1 U Taq polymerase, 0.5 μmol/L of each primer, 0.2 mmol/L of each deoxynucleotide, and 40 ng of template DNA, covered with one drop of mineral oil. Polymerase chain reaction (PCR) was performed in a thermal cycler (Bio-Rad MyCycler, USA). Amplification reactions were undertaken using the following profile: 94 °C for 3 min, then 45 cycles at 94 °C for 1 min, 1 min at either 50, 55, or 60 °C (depending on the individual primer set), 2 min at 72 °C, with a final extension step of 10 min at 72 °C (Röder et al., 1998) . The PCR products were separated on a 6% polyacrylamide gel electrophoresis (PAGE) sequencing gel run at 80 W for 1.5 h. The gel was removed from the apparatus and stained using the silver-staining method (Xu et al., 2002) . SSR primers were synthesized based on the primer sequences reported by Röder et al. (1998) and Holton et al. (2002) . A total of 228 SSR markers distributed over all 21 wheat chromosomes were used to screen for polymorphisms between the two parental lines. The polymorphic SSR markers were selected to further screen the two DNA bulks to identify candidate markers linked to the target gene. The markers found to be polymorphic between the two bulks were selected to analyze the F 2 extreme recessive class (Zhang et al., 1994) and the whole population.
Genetic mapping and evaluation of markerassisted selection
Linkage analysis was conducted using the software MAPMAKER (Lander et al., 1987) . A linkage map was constructed with a critical limit of detection (LOD) score threshold of 3.0 and the genetic distance (centimorgan, cM) was estimated using the Kosambi (1943) mapping function. The accuracy of markerassisted selection (AMAS) and the efficiency of marker-assisted selection (EMAS) were calculated for the homozygotic genotype of the target gene in the F 2 population as demonstrated by Peng et al. (2000b) . In the present study, AMAS and EMAS for the male sterile gene in the F 2 progeny were calculated using the following formulae.
When a single marker was used, 
Results
Genetic analysis of male sterility
The field experiment indicated that the fertility difference between 337S and the other five common wheat varieties was significant. During anthesis, the parental line 337S exhibited apparent differences in phenotype from others, with the glume opening and the stigma exerting. The F 1 progenies from the five crosses showed the same phenotype as the corresponding male parental lines whereas trait segregation occurred in the F 2 generations. Fertility analysis indicated that 337S appeared completely sterile (with fertility rate equal to 0%) while the other five male parental lines and all F 1 's were highly fertile (with fertility rate above 90%). Male sterility of 337S thus was controlled by recessive gene(s). The fertility rate varied from 0% to 100% and when plotted, a bimodal distribution was observed in the F 2 population (Fig. 1) .
Chi-square test showed that the fertility segregation fitted a ratio of 3:1 in all the five F 2 populations.
The sterility in 337S was thus governed by a single recessive gene under short daylength and low temperature (Table 1) . We temporarily designated this gene wptms3. Here, wptms stands for wheat photoperiod-thermo sensitive male sterility.
Screening SSR markers linked to the male sterile gene
A total of 228 SSR primers were screened for polymorphism between the two parents, 337S and Huamai 8. Fourteen primer pairs failed in amplifications, and 73 primer pairs showed polymorphism between the two parents. These polymorphic SSR markers were further used to screen for polymorphisms between the sterile and fertile DNA pools. Three SSR markers, Xgwm273, Xgwm413 from chromosome 1B, and Xgwm182 from chromosome 5D, showed polymorphism between the two DNA pools. The polymorphisms were confirmed in the individuals used to construct the two gene pools. Thus, the three markers were likely to be linked with the male sterile gene. Fig. 2 indicates the amplification patterns of the primers Xgwm413 and Xgwm182, respectively. 
Genetic mapping
In order to confirm the linkage relationship, Xgwm273, Xgwm413, and Xgwm182 combined with three neighboring markers from chromosome 1B and three from chromosome 5D, respectively, were analyzed using the recessive class consisting of 64 totally sterile plants (Zhang et al., 1994) . As a result, a linkage map of 85.1 cM was constructed with a critical LOD score=3. The map consisted of six loci including four chromosome 1B marker loci, one locus amplified by a chromosome 5D marker, and the target gene. The male sterile gene wptms3 was thus mapped in an interval between Xgwm413 and Xgwm182 at a genetic distance of 3.2 and 23.5 cM, respectively, on chromosome arm 1BS (Fig. 3) . According to Röder et al. (1998) and Peng et al. (1999; 2000a; 2000b) , the relatively loosely linked markers, Xgwm273 and Xgwm264, were on the distal side of the map, with distances of 9.9 and 20.3 cM to the target gene wptms3, respectively, and on the proximal side, there is a marker, Xgwm11, far from the target gene.
The markers, Xgwm413 and Xgwm182, were further used to genotype the whole F 2 mapping population, and the results validated the reliability of the linkage map. One-way variance analysis using marker genotypes as groups (Soller et al., 1976) showed that the fertility difference or variation between the groups was highly significant (Table 2) . This again verified the linkage between markers and the target gene.
Similarly, the five markers, Xgwm335 and Xgwm371 from chromosome 5B, and Xgwm148, Xgwm374, and Xgwm120 from chromosome 2B, identified to be linked with wptms1 and wptms2, respectively, in our previous study (Guo et al., 2006b) , were also used to screen the whole F 2 population ( Table 2 ). The results showed that the fertility difference between the groups divided by Xgwm374 and Xgwm148 was significant, suggesting that there might be another locus on chromosome 2B, wptms2, affecting the fertility variation. This explains continuous variation in the fertility of the fertile class in Fig. 1 . However, no locus on chromosome 5B was detected to significantly decorate the fertility variation.
Selection via single and bracketing marker(s)
When selection based on a single marker was performed, AMAS and EMAS were 82.84% and 86.85%, respectively, for Xgwm413, while they were 67.71% and 71.25% for Xgwm182 (Table 3) . It is apparent that AMAS and EMAS improved when the marker loci became closer to the target gene wptms3. When the two bracketing markers were used to select male sterile plants in the F 2 progeny, AMAS reached 90.10% despite the distance between the two markers extending to 26.7 cM, but EMAS slightly declined.
Discussion
337S is the first wheat male sterile line sensitive to both short daylength/low temperature and long daylength/high temperature, providing two sowing time windows for the expression of male sterility. This male sterile line has no negative cytoplasmic effect and is controlled by recessive genes (Guo et al., 2006a) . It could be widely used for hybrid wheat production because common wheat varieties are expected to carry fertility restoring genes for this male sterile line.
In the present study, the inheritance of male sterility under short daylength/low temperature was detected to be monogenic. The mapping analysis indicated that the male sterile gene wptms3 located on chromosome 1B, flanked by Xgwm413 and Xgwm182, differed from those reported by Guo et al. (2006b) and thus is a new gene. To date, several fertility restoring genes against CMS in wheat have been mapped on chromosome 1B (Ahmed et al., 2001; Li et al., 2005; Zhou et al., 2005) . Therefore, there are regions on chromosome 1B related to fertility performance. The SSR marker Xgwm413 was identified to be closely linked to the male sterile gene in the present study and was found to be linked to yellow rust resistance genes in earlier reports (Peng et al., 1999; 2000a; 2000b; Ma et al., 2001 ). These studies indicate that genes are not randomly distributed over the genome of a species, but they are rather frequently clustered on particular chromosomes (Peng et al., 1999) . The clustering of genes coding traits may be the result of the co-evolution of plant species and their adaptation to environments (Peng et al., 1999) .
The microsatellite marker Xgwm182 was assigned to chromosome 5D, and sizes of the amplified bands in the two parents were 163 and 187 bp, respectively (Röder et al., 1998) . However, the marker Xgwm182 was first mapped to chromosome 1B in the present study, and the amplified bands in the two parents were approximately 100 bp. Thus the Xgwm182 locus in the present study is a new marker locus and differs from that one located on chromosome 5D. Therefore, we can tentatively designate the new marker locus as Xgwm182-1B.
As analyzed above, there is a new gene controlling the fertility of 337S under short daylength/low temperature. According to the close linkage of the gene with SSR marker Xgwm413 that physically located on the terminal region of chromosome 1BS, we assume that the male sterile gene wptms3 is, in fact, physically located in a gene/marker cluster that is distal from the centromere on chromosome 1BS (Peng et al., 2000a) .
With the identification of the molecular markers linked to the male sterile gene wptms3 in the present study, and wptms1 and wptms2 in our previous study, they could be very useful for developing and improving new male sterile lines via marker-assisted selection. In wheat breeding programs, we can use these linked markers to distinguish the sterile genotypes earlier, which can help to shorten the breeding time and facilitate the whole procedure. As the long daylength/high temperature induced male sterility in 337S is controlled by two complementary genes (Guo et al., 2006a; 2006b) , only plants with genotype aabb are sterile and the rate of sterile plants is low in progeny. Thus, mapping of wptms3 in the present study provides a more feasible and reliable method for identifying male sterile plants in practical breeding. Furthermore, the AMAS and EMAS of selection based on single markers can be over 80%, and the AMAS of selection via two bracketing markers can exceed 90% even with a large distance between the two markers. Therefore, it is helpful for breeders to use these linked markers to identify those male sterile recessive genotypes in early generation and period with high accuracy.
Several methods discriminating fertility for genetic analysis arose in previous studies Wang et al., 2003) . In this study, the inflexion of a curve was used as the cut-off point between sterile and fertile individuals for the fertility analysis as this division can reflect the native change of a matter. As a result, the cut-off point was determined at the point of 5% fertile spikelets, which was consistent with the consensus in most former researches (Huang et al., 2000; Lee et al., 2005) . As photoperiodthermo sensitive male sterility is sensitive to the environment, individuals used to form the two pools in the present study were selected based on the percentage of fertile spikelets of the bagged main head while considering the other three relevant factors to ensure the reliability: heading date, characters of spikes, and the percentage of fertile spikelets of the single plant.
It is clear that the fertility of photoperiodsensitive sterile lines is determined by the interaction of genes and environments and the mechanism is complex. Isolation, cloning, and characterization of the male sterile gene can promote molecular study of the genetic male sterile trait and improve its application in hybrid breeding. Even though three male sterile genes (wptms1, wptms2, and wptms3) have been identified in the novel wheat male sterile line 337S, the linkage between markers and target genes is not tight enough for gene cloning. Therefore, fine mapping and cloning the male sterile genes in 337S under different environments are underway and will further improve understanding of the genetic mechanism of the male sterile system in utilization of wheat heterosis.
